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Naïve CD4� T cells in the periphery differentiate into regula-
tory T cells (Tregs) in which Foxp3 is expressed for their sup-
pressive function. NLRP3, a pro-inflammatory molecule, is
known to be involved in inflammasome activation associated
with several diseases. Recently, the expression of NLRP3 in
CD4� T cells, as well as in myeloid cells, has been described;
however, a role of T cell–intrinsic NLRP3 in Treg differentiation
remains unknown. Here, we report that NLRP3 impeded the
expression of Foxp3 independent of inflammasome activation
in Tregs. NLRP3-deficient mice elevate Treg generation in var-
ious organs in the de novo pathway. NLRP3 deficiency increased
the amount and suppressive activity of Treg populations,
whereas NLRP3 overexpression reduced Foxp3 expression and
Treg abundance. Importantly, NLRP3 interacted with Kpna2
and translocated to the nucleus from the cytoplasm under Treg-
polarizing conditions. Taken together, our results identify a
novel role for NLRP3 as a new negative regulator of Treg differ-
entiation, mediated via its interaction with Kpna2 for nuclear
translocation.

Tregs2 are one of the CD4� T cell subsets, capable of lim-
iting effector CD4� T cells and immune-mediated inflam-
mation by their suppressive properties (1). The transcription
factor Foxp3 controls Treg differentiation and is the key
molecule involved in inhibition of the proliferation of con-
ventional T cells (2). The induction of Foxp3 in both periph-
eral Tregs (pTregs) and in vitro–induced Tregs (iTregs)
requires a signaling cascade, involving TCR, IL-2R (CD25),

and TGF-�R, even though natural Tregs (nTregs, also
known as tTregs) do not require TGF-� signaling to induce
the Foxp3 expression in the thymus (3–5). Optimal activat-
ing factors of Foxp3 are NFAT, AP-1, c-Rel, NF-�B p65,
Foxo, and cAMP-response element-binding protein (by TCR
signaling), STAT5 (by IL-2 signaling), and Smad2/3 (by
TGF-� signaling) (6), but its suppressive molecules have
rarely been reported.

The nod-like receptor family protein 3 (NLRP3) is one of the
key sensors of defense against both pathogen-associated molec-
ular patterns by infection of bacteria and endogenous danger-
associated molecular patterns generated by tissue damage (7).
NLRP3 is activated by various pathogens and endogenous dan-
ger signals, such as extracellular ATP, glucose, silica, aluminum
salt, and amyloid deposit (8). NLRP3 consists of an N-terminal
pyrin domain (PYD), a central nucleotide-binding and oligo-
merization (NACHT) domain, and a C-terminal leucine-rich
repeats (LRR) domain (8). NLRP3 forms the inflammasome
together with protease caspase-1 through the adaptor ASC act-
ing as the central hub (9). The assembly of three molecules in
the cytoplasm subsequently results in programmed cell death,
referred to as pyroptosis (10, 11), and also activates inflamma-
tory cytokines, including IL-1�, IL-18, and IL-33, via cleavage
and activation by caspase-1 (12, 13). NLRP3 protein is highly
abundant in myeloid cells, such as dendritic cells and macro-
phages, and it controls adaptive immunity and regulates T cell–
mediated autoimmunity (14 –17). Recently, lymphoid cells
were also reported to express NLRP3 in murine and human
CD4� T cells (15–18). The expression of NLRP3 is related with
several diseases, such as autoimmune diseases and cancer in
mice, as well as humans (19 –23).

The role of T cell–intrinsic NLRP3 has been described in T
cell responses, but not in Treg differentiation. In this study, we
described that NLRP3-deficient mice generate increased Treg
populations. Moreover, NLRP3 knockdown in CD4� T cells
exhibits increased Treg differentiation. Endogenous NLRP3 in
CD4� T cells down-regulated levels of Foxp3 expression levels
under Treg-polarizing conditions through its translocation
from cytoplasm into the nucleus, mediated by Kpna2. These
results demonstrated that pro-inflammatory NLRP3 can
repress the differentiation of Tregs by diminishing Foxp3
expression and suggest a role of NLRP3 as a new negative reg-
ulator of Treg differentiation.
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Results

NLRP3 deficiency increases the generation of Tregs

NLRP3 is reported to be expressed in CD4� T cells as well as
myeloid cells. To explore the effect of NLRP3 on Treg differen-
tiation in the de novo pathway, we assessed the level of both
pTreg and nTreg populations in Nlrp3�/� and Nlrp3�/� litter-
mate mice. For identifying pure nTreg populations,
CD4�CD8�CD25�Foxp3� T cells were separated in the thy-
mus and analyzed. For detecting migratory nTregs and gener-
ated pTregs in lymphoid tissues, CD4�CD25�Foxp3� T cells
were isolated from various organs, such as the peripheral lymph
nodes, mesenteric lymph nodes, Peyer’s patch, lamina propria
of the small intestine, and spleen. Compared with WT mice, in
NLRP3-deficient mice, both nTregs (Fig. 1, A and B) and
pTregs (Fig. 1, C and D) were much more abundant in all tis-
sues, except in the spleen. This was not because of a difference
in CD62L�CD44�CD4� effector T cell abundance in Nlrp3�/�

mice (Fig. S1A). The level of CD62L�CD44lowCD4� naïve T
cells was similar in both genotypes (Fig. S1B). These results
suggest that NLRP3 deficiency elevates Treg generation in var-
ious organs in the de novo pathway.

NLRP3 impedes the expression of Foxp3 in iTregs

To investigate relevance of our observation regarding the
repressive role of endogenous NLRP3 in Treg differentiation,
we induced Treg differentiation of naïve CD4� T cells isolated
from either Nlrp3�/� or Nlrp3�/� mice. Interestingly, the per-
centage of Foxp3-expressing cells was increased in NLRP3-de-
ficient iTregs compared with the WT iTregs (Fig. 2, A and B).

The expression of Foxp3 in single cells was higher in Nlrp3�/�

iTregs than Nlrp3�/� iTregs, although the percentage of
CD25-expressing cells remained unaffected (Fig. 2C). NLRP3-
deficient iTregs highly expressed Foxp3 at mRNA and protein
levels (Fig. 2, D and E). Previous studies showed that Treg dif-
ferentiation is favored by weak TCR stimulation and the inter-
rupted T cell activation enhances Foxp3 expression (24 –26).
We investigated whether the activation of Nlrp3�/� naïve T
cells was reduced by assessing the expression level of CD69, an
early activation marker, after TCR stimulation. Nlrp3�/� naïve
T cells were defective in the expression of CD69 after TCR
stimulation for 16 h in Treg-polarizing conditions (Fig. S2, A
and B). However, the expression levels of Treg-polarizing cyto-
kine receptors (TGF-� and IL-2 receptors) were not signifi-
cantly different in naïve CD4� T cells of either genotype (Fig.
S2, C and D).

Next, we overexpressed NLRP3 during iTreg differentiation
using NLRP3-expressing retroviruses. When CD4� T cells
overexpressed NLRP3, the expression of Foxp3 was signifi-
cantly down-regulated in iTregs, as observed by flow cytom-
etry, RT-PCR, and Western blotting analyses (Fig. 2, F–H).
Taken together, these data demonstrate that NLRP3 inhibits
Foxp3 expression during iTreg differentiation.

NLRP3 activity is independent of inflammasome activation in
iTreg responses

To prove that NLRP3 acts as a disturbing molecule of Treg
responses, WT iTregs were stimulated to activate inflam-
masome, as NLRP3 commonly acts in an inflammasome-de-

Figure 1. nTregs and pTregs are more present in Nlrp3�/� mice than Nlrp3�/� mice. A, the population of nTregs in the thymus of Nlrp3�/� mice and
Nlrp3�/� mice. nTregs were stained with mAbs specific for CD4, CD25, Foxp3, and CD8, after depletion of CD8 cells. B, bar graph indicates the percentage of the
cells. C, mixture of migratory nTregs and pTregs isolated from peripheral lymph nodes, mesenteric lymph nodes, Peyer’s patch, lamina propria, and spleen was
stained with mAbs specific for CD4, CD25, and Foxp3. D, summarized results shown as graph. B and D, blue and red lines represent the mean values of Nlrp3�/�

and Nlrp3�/� from seven independent experiments, respectively. **, p � 0.01; ***, p � 0.001; N.S, not significant (Student’s two-tailed paired t test). The lines
connected with Nlrp3�/� and Nlrp3�/� indicate littermates (n � 7).
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pendent manner by interacting with ASC and caspase-1. We
speculated that Tregs might also be regulated by NLRP3 during
inflammasome activation via danger-associated molecular pat-
tern signals. To determine any involvement of the inflam-
masome activation in the NLRP3-mediated down-regulation of
Treg differentiation, we stimulated iTregs with both LPS and
ATP in the presence of MCC950, an inhibitor of NLRP3 inflam-
masome activation. MCC950 decreases IL-1� expression and
secretion in bone marrow-derived dendritic cells (BMDCs)
(Fig. S3, A and B). When iTregs were treated with extracellular
ATP in the presence of LPS, the Nlrp3 expression was increased
and Foxp3 expression was decreased. However, the expression
of Foxp3 did not recover in iTregs treated with MCC950 (Fig.
3A). We confirmed that MCC950 inflammasome inhibitor did
not affect Foxp3 protein expression, which was down-regulated
by ATP (Fig. 3B). As NLRP3 inflammasome regulates both
pyroptosis and the secretion of cytokines, especially IL-1� (11),

we evaluated the levels of pyroptosis and IL-1� secretion in
iTregs under inflammasome-activating conditions. Firstly, we
observed that pyroptosis (PI�/annexin V� region) was not
induced in iTregs by ATP (Fig. 3C). To investigate the relevance
between apoptosis (PI�/annexin V� region) and Foxp3 expres-
sion in Tregs, we assessed the staining of Foxp3 and annexin V.
However, the reduction of Foxp3-expressing cells by ATP
treatment was not because of apoptosis, with no significant
increase in the number of annexin V–positive cells among in
Foxp3-negative cells (Fig. 3D). We next investigated whether
the activation of caspase-1 and maturation of IL-1� were asso-
ciated with NLRP3 activation in the iTreg program. We con-
firmed that although caspase-1 activation was inhibited by Ac-
YVAD-CHO, Foxp3 expression was not affected (Fig. 3E).
IL-1� levels were low and not affected in iTregs despite stimu-
lation with extracellular ATP, compared with BMDCs (Fig. 3F).
Ac-YVAD-CHO also inhibited the secretion of IL-1� in

Figure 2. The expression of Foxp3 is reduced by NLRP3 during iTreg differentiation. A–E, naïve CD4� T cells isolated from Nlrp3�/� and Nlrp3�/� mice
were polarized into either Th0 or iTregs in the presence of anti-CD3� and anti-CD28 with or without TGF-� and IL-2 for 72 h. A, both CD4�CD25�Foxp3� cell
populations were assessed by flow cytometric analysis. B, bar graph indicates the percentage of Foxp3-expressing cells. C, representative histogram depicts the
expression of CD25 and Foxp3 after gated CD4� cells in either Nlrp3�/� or Nlrp3�/� iTregs. Bar graph indicates the MFI of CD25 or Foxp3 of each molecule in
Th0 and Tregs. D, the expression of Nlrp3 and Foxp3 mRNA was detected by RT-PCR assay. E, NLRP3 and Foxp3 proteins were observed by immunoblot assay.
Bar graph indicates the relative ratio of Foxp3 over tubulin in Tregs in independent experiments. F–H, NLRP3 overexpressing virus was transduced to Th0 cells
detail described in “Experimental procedures.” As a negative control, the virus with the empty vector was transduced. F, flow cytometry of Tregs expressed both
CD25 and Foxp3 in the NLRP3 overexpression condition. Bar graph indicates the percentage of CD4�CD25�Foxp3� iTregs. G, the expression of Nlrp3 and
Foxp3 mRNA. H, the expression of NLRP3 and Foxp3 protein. Bar graph indicates the relative ratio of Foxp3 over tubulin in Tregs. All experiments were
independently performed more than three times. Data are represented as mean � S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001; N.S, not significant ((B, C) as
Kruskal-Wallis test) or ((E, F, H) as Student’s two-tailed unpaired t test).
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BMDCs (Fig. S3, C and D). These results manifested that T
cell–intrinsic NLRP3 inhibits Foxp3 expression and the inhib-
itory effect of NLRP3 on iTregs is independent of inflam-
masome activation.

NLRP3 translocates to the nucleus by interacting with Kpna2
in iTregs

NLRP3 is normally located in the cytoplasm and found in
complexes with ASC and pro– caspase-1 in various immune
cells, especially in dendritic cells, macrophages, and T lympho-
cytes (16, 17). We investigated, and compared the localization
of NLRP3 in Th0 and iTregs by cytoplasmic/nuclear protein
fractions. We found that NLRP3 localized in the nucleus of
iTregs (Fig. 4A). By immunocytochemical analysis detecting
both NLRP3 and Foxp3, we confirmed that NLRP3 was local-
ized in the cytoplasm of Th0 cells, but translocated to the
nucleus in iTregs (Fig. 4B). These results suggested that NLRP3
translocates to the nucleus from the cytoplasm when naïve
CD4� T cells differentiate into iTregs.

NLRP3 does not contain a nuclear localization signal (NLS)–
binding site. To determine how NLRP3 is translocated to the
nucleus of iTregs, we focused on importin proteins.
Karyopherin � is one of the importin protein groups that rec-
ognizes NLS, and it is crucial for nuclear transport (27). As
NLRP3 is not translocated into the nucleus when karyopherin
�-2 (Kpna2) was silenced in Th2 cells (17), we speculated that
Kpna2 is able to mediate the translocation of NLRP3 into the
nucleus of Tregs. Kpna2 co-localized with NLRP3 in the
nucleus of iTregs, but not Th0 cells (Fig. S4A). We also found
co-localization of NLRP3 and Kpna2 in Tregs generated by the
de novo pathway (Fig. S4B). Hence, we hypothesized that the
sensitivity of interactions between NLRP3 and Kpna2 might be
higher in iTregs than Th0 cells. To investigate whether NLRP3
can interact with Kpna2, we first applied Treg differentiation
conditions (known to induce high expression of Foxp3) to EL4
mouse lymphoma cells by stimulation with PMA and ionomy-
cin (Fig. S5), as described previously (28). By immunoprecipi-
tation, we confirmed that NLRP3 bound Kpna2 in EL4 cell line

Figure 3. Treg differentiation is disturbed by NLRP3 without inflammasome activation. During iTreg differentiation, the cells were stimulated with LPS for
24 h, followed by pretreatment with MCC950 (10 �M) for 1 h, before ATP (5 mM) treatment for 6 h. A, the mRNA expression of inflammasome components (Nlrp3,
Asc, and caspase-1), as well as Foxp3, was detected in iTregs. B, the population of CD25�Foxp3� T cells gated on CD4� T cells as in (A). Bar graph represents the
percentage of plots. C, the population of pyroptotic cells was assessed with both PI and annexin V staining in CD4� T cells. Both Th0 and iTreg cells were treated
with ATP in the presence of LPS as in (A). PI�/annexin V� cells describe as the pyroptotic cells; PI�/annexin V� cells indicate the apoptotic cells. D, Foxp3 and
annexin V were detected in live iTregs as in (A). Double negative cells, Foxp3�CD4� cells, or annexin V�CD4� cells were quantified in bar graph. E, the
population of CD25�Foxp3�CD4� T cells was observed. The cells were treated with Ac-YVAD-CHO (10 �M) instead of MCC950 according to the culture method
described in (A). F, secretory level of IL-1� in both Th0 and iTregs stimulated with LPS and ATP was confirmed by ELISA. Label of BMDCs is a control group about
the stimulation of NLRP3 inflammasome activation. Data are representative of three independent experiments (n � 3). The results are represented as mean �
S.D. Statistics was significance by Student’s two-tailed unpaired t test (B, D, E) or one-way ANOVA (F). *, p � 0.05; **, p � 0.01; ***, p � 0.001; N.S, not significant.
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under Treg differentiation conditions (Fig. 5A). We next inves-
tigated the interaction of NLRP3 and Kpna2 in Th0 and iTregs.
Although the expression level of NLRP3 was higher in Th0 cells
than iTregs, NLRP3 bound Kpna2 only in iTregs (Fig. 5B). To
map the domain of NLRP3 that interacts with Kpna2, we made
various deletion mutants of NLRP3 (Fig. 5C). These mutants
were ectopically expressed in Nlrp3�/� CD4� T cells during
iTreg differentiation (Fig. 5D). The LRR domain of NLRP3 was
required for interacting with Kpna2 (Fig. 5D). Moreover, when
the LRR domain of NLRP3 was deleted, NLRP3 did not trans-
locate into the nucleus of iTregs (Fig. 5E). Interestingly, LRR-
deleted NLRP3 did not affect the decrease of Foxp3 expression
(Fig. 5F). Taken together, the LRR domain of NLRP3 is impor-
tant for binding to Kpna2 and mediated NLRP3 translocation
to the nucleus to diminish Foxp3 expression in iTregs.

NLRP3-deficient iTregs have more suppressive ability than WT
iTregs

We investigated whether Nlrp3�/� iTreg populations are
more suppressive than Nlrp3�/� iTreg populations. Nlrp3�/�

iTregs suppressed proliferation of conventional T (Tconv) cells
more significantly than Nlrp3�/� iTregs, as observed by inhi-
bition of the division of CFSE-stained Tconv cells (Fig. 6, A and
B). In addition, more Nlrp3�/� CD4� T cells from DBA1/J
mice were also differentiated into Tregs than Nlrp3�/� CD4�

T cells in the presence of Treg-polarizing cytokines, and the
Nlrp3�/� iTreg population efficiently suppressed the prolifer-
ation of Tconv cells (data not shown). Furthermore, Nlrp3�/�

iTregs had an increased capacity to inhibit IL-2 production
from Tconv cells (Fig. 6C) and exhibited higher expression of
TGF-� compared with the Nlrp3�/� iTregs (Fig. 6, D and E).
Collectively, these data demonstrate that lack of NLRP3 in
iTregs can effectually suppress Tconv cells by increasing an
anti-inflammatory cytokine TGF-� as well as Foxp3.

Discussion

The expression of Foxp3 is necessary for CD4� T cells to
differentiate into Tregs and homeostasis to maintain in the
immune system. Thus, in this study, we focused on the regula-
tion of Foxp3 expression during Treg differentiation. It has
been reported that the expression of Foxp3 is suppressed by a
few suppressive molecules, such as OX40 (29, 30), Batf/Batf3
(30, 31), Gfi1 (28), and Id2 (32). These suppressive factors are
increased in activated T cells; however, they are decreased
when activated T cells differentiate to iTregs, except for OX40
(29). We described that the expression of NLRP3 was down-
regulated in iTregs compared with that in Th0, as well as other
Th subsets (Fig. S6). However, factor(s) that contribute toward
limiting the expression of NLRP3 in Tregs are still unclear. Nev-
ertheless, given that the level of NLRP3 decreased in iTregs, we
postulated that it may play as a suppressive factor in Treg
differentiation.

Intrinsic NLRP3OASCOcaspase-8 inflammasome of Th17
cells, producing mature IL-1�, is associated with pathogenesis
of Th17 cell-mediated experimental autoimmune encephalo-
myelitis (15). NLRP3 inflammasome enhances IFN-�-produc-

Figure 4. NLRP3 locates in the nucleus of Tregs. A, the cytoplasmic and nuclear protein levels of NLRP3 and Foxp3 were detected in either Th0 or iTregs after
cytoplasmic/nuclear fractionation. �Tubulin and lamin B were used as markers of cytoplasm and nucleus, respectively. B, immunofluorescence images of
Foxp3 (green) and NLRP3 (red) were assessed in WT CD4� T cells, after TCR stimulation for Th0 cells, or differentiation by TGF-� and IL-2 for 72 h in the presence
of TCR stimulation for iTregs. DNA-binding dye DAPI is used for staining the nuclei (blue), and the scale bar is 5 �m. Four images within each field were collected
at 630� magnification. Histogram shows the fluorescence intensity corresponding to the red arrow matched the direction. Line colors match with fluorescence
colors. Data are representative of independent experiments (n � 4). Bar graph indicates the percentage of NLRP3 localization in either cytoplasm or nucleus of
Th0 and Tregs. The results are represented as mean � S.D. of six cells. Statistics was significance by Student’s two-tailed unpaired t test. ***, p � 0.001.
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ing Th1 cells via complement C5a generated in T cells during
intestinal inflammation and viral infection (16). In contrast to
several studies exploring the role of NLRP3, recently it was
demonstrated that NLRP3 acts as a transcriptional regulator of
Th2 differentiation, without the effect on the inflammasome
(17). Additionally, NLRP3 is expressed by IL-2/STAT5 pathway
in CD4� T cells (17). IL-2 is sensitized by highly expressed
CD25 (IL-2R�) in most Tregs, indicating that STAT5 binds to

the Foxp3 promoter for Treg development (33). We deter-
mined that NLRP3 is expressed in TGF-�/IL-2–induced Tregs,
even though NLRP3 is an inflammatory factor, and T cell–
intrinsic NLRP3 disturbs the Treg differentiation. This effect is
not limited to C57BL/6 mice, but is also seen in DBA1/J mice,
indicating that the inhibitory effect of NLRP3 on Treg differen-
tiation is not strain-specific. Because Treg populations were
more abundant in Nlrp3�/� healthy mice (Fig. 1), the increase

Figure 5. NLRP3 interacts with Kpna2 to translocate into the nucleus of Tregs. A, EL4 cells were stimulated with PMA (50 ng/ml) and ionomycin (1 �g/ml)
for 24 h, after which the cells were lysed and cellular proteins were extracted. Afterward, the protein fraction was immunoprecipitated with either rabbit
anti-Kpna2 or mouse anti-NLRP3, followed by the immunoblot assay. Immunoglobulins are used as normal controls. B, either Th0 or iTregs was overexpressed
with NLRP3, were subjected to the immunoprecipitation assay of NLRP3 and Kpna2, followed by immunoblot assay with mAbs for NLRP3 or Kpna2. C,
schematic diagram of the structures of full-length or truncated mutants of NLRP3. D, iTregs isolated from Nlrp3-KO mice were transduced with empty vector,
3�FLAG-NLRP3 or truncated mutants (�PYD, �NACHT, �LRR). Cells were performed by immunoblot assay of FLAG and Kpna2 after immunoprecipitation with
anti-Kpna2. E, immunofluorescence imaging of FLAG-tagged (red) NLRP3 was observed in iTregs after overexpression of either NLRP3 full-length or each
domain mutant. Nuclei of iTregs were stained as blue. The object glass lens was used at 40� for amplifying the cells, and the scale bar represents 20 �m. F, the
populations of iTregs overexpressed by either NLRP3 or each mutant form were detected by flow cytometry. Bar graph represents the percentage of plots. *,
p � 0.05; ***, p � 0.001; N.S, not significant (one-way ANOVA). Data (A–E) are representative of two independent experiments (n � 2) and data (F) are
representative of eight independent experiments (n � 8), as mean � S.D.
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of Foxp3�Treg frequency in NLRP3-deficient mice is the
endogenous effect of NLRP3 in CD4� T cells. Tregs up-regu-
lated the NLRP3 expression in response to ATP stimulus,
resulting in the NLRP3-mediated inhibition of Foxp3 expres-
sion, without inflammasome activation. Moreover, NLRP3
overexpression obstructed the expression of Foxp3. However,
this regulation might be achieved through no direct binding of
the Foxp3 promoter. Bruchard et al. (17) suggested a consensus
motif of 5	-nGRRGGnRGAG-3	 for NLRP3 binding , which
does not exist in the Foxp3 promoter. Lack of the NLRP3 did
not induce dominant Treg differentiation, suggesting that trig-
gering Foxp3 expression is protected by multiple mechanisms.
Future studies would be needed to further elucidate the mech-
anism of NLRP3-mediated inhibition of Foxp3 expression and
the role of NLRP3 in Treg stability.

NLRP3 inflammasome is formed by interacting with ASC
adaptor protein and the PYD among the domain of NLRP3 in
the cytosol (34). The binding of small heterodimer partner to
the PYD of NLRP3 negatively regulates the activation of inflam-
masome (35). However, we observed that NLRP3 was located in
the nucleus of Tregs, but not that of Th0 cells. This unusual
nuclear localization of NLRP3 in Tregs occurred via interaction
of Kpna2 to the LRR domain of NLRP3. It has been reported
that LRRs also provide a versatile structure for the protein-
protein interactions (36, 37). The LRR domain of NLRP3 medi-
ates the interaction with promyelocytic leukemia protein 1
(PML-1), but it is not related to inflammasome activation (38).

IRF4 is able to directly interact with the LRR domain of NLRP3
to regulate Th2 differentiation via its nuclear translocation by
associating with Kpna2 (17). The assistance of Kpna2 is needed
because of the lack of a recognizing site of NLS in NLRP3. In
this report we demonstrated that Kpna2 interacted with the
LRR domain of NLRP3 for facilitating the nuclear translocation
of NLRP3, resulting in negative regulation of Foxp3 expression
in Tregs.

In conclusion (see Fig. 7 for a proposed model), our data
suggest that the pro-inflammatory sensor NLRP3 limits the
expression of Foxp3, leading to the disruption of Treg differ-
entiation. Although NLRP3 expression is diminished in
Tregs, it is presented and located in the nucleus following
translocation after association with Kpna2. NLRP3 of Tregs,
in the nucleus, can be up-regulated during inflammation fol-
lowed by repression of Foxp3 expression in an inflam-
masome-independent manner. These findings provide a
rationale for down-regulating NLRP3 in CD4� T cells in
immunotherapy setting for curing autoimmune diseases or
graft-versus-host reactions.

Experimental procedures

Mice

Female C57BL/6 mice at 7 weeks of age were obtained from
the Orient Bio (Kapyong, Korea). Nlrp3�/� mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). All

Figure 6. Nlrp3�/� iTreg populations are functionally more suppressive than Nlrp3�/� iTregs. A–C, the iTreg-mediated suppression activity was mea-
sured by CFSE dilution of Tconv cells. The CFSE-stained Tconv cells were co-cultured for 3 days with Nlrp3�/� or Nlrp3�/� iTregs sorted as CD4�CD25� T cells
by at various ratios, or cultured alone. A, proliferation of Tconv cells was determined by CFSE dilution and flow cytometric analysis. B, the percentages of divided
Tconv cells were arranged by splitting the number of division in the presence of either Nlrp3�/� iTregs or Nlrp3�/� iTregs at a 1:1 of Tconv: iTreg ratio. C, the
secretory level of IL-2 from Tconv cells was measured by ELISA. D, the mRNA expression levels of Nlrp3, Tgfb as well as Foxp3 were detected in both WT and KO
iTregs after Treg differentiation for 72 h. E, the population of Foxp3�LAP (latent TGF-�)� cells in CD4�CD25� iTregs were assessed by flow cytometry. Data are
representative of four independent experiments (n � 4). The results are presented as mean � S.D. *, p � 0.05; **, p � 0.01 (Student’s two-tailed t test).
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mice were housed under specific pathogen-free conditions. All
animal experiments were conducted according to the Korea
University Guidelines for the Care and Use of Laboratory Ani-
mals (Approval No. KUIACUC-2017–109/KUIACUC-2018 –
0045). All mice were used at 7–11 weeks of age, but the
isolation of nTreg cells from thymus was performed in
5-week-old mice.

Antibodies

For fluorescence study, Abs against FITC- or PerCP-Cy5.5–
conjugated CD4 (RM4 –5), PE- or APC-conjugated (PC61), and
APC-conjugated CD44 (IM7) were purchased from BD Biosci-
ences. Abs against PE-conjugated Foxp3 (NRRF-30), APC-con-
jugated CD69 (H1.2F3), and FITC-conjugated CD62L (MEL-
14) were obtained from eBioscience. PerCP-Cy5.5– conjugated
LAP (TW7–16B4) was purchased from BioLegend. Secondary
Abs against Alexa Fluor 488 – conjugated rabbit IgG H � L, or
both Alexa Fluor 594 – conjugated mouse IgG H&L and Alexa
Fluor 647– conjugated rabbit IgG H&L were purchased from
Invitrogen or Abcam, respectively.

For immunoblot study, mouse anti-mouse/human NLRP3/
NALP3 (cryo-2) was purchased from AdipoGen. Rabbit anti-
mouse/human KPNA2 (polyclonal) was obtained from Abcam.
Rabbit anti-mouse FOXP3 (H-190), mouse anti-mouse
�tubulin (4G1), goat anti-mouse lamin B (M-20), and mouse
anti-mouse GAPDH (6C5) were acquired from Santa Cruz Bio-
technology. Mouse anti-FLAG (M2) was purchased from

Sigma. HRP-linked anti-mouse and anti-rabbit IgG were
obtained from Cell Signaling Technology.

In vitro T cell isolation and differentiation

CD4� T cells were isolated from peripheral lymph nodes,
mesenteric lymph nodes, spleens, Peyer’s patches, and thymus
of C57BL/6 Nlrp3�/� or Nlrp3�/� mice by magnetic bead puri-
fication (MACS; Miltenyi Biotec). The purity of isolated CD4�

T cell populations was 
95% routinely. For in vitro T cell acti-
vation, purified CD4� T cells (1.5 � 106 cells/well) were seeded
in anti-CD3� (0.25–2.0 �g/ml)– coated 24-well plate for 16 h.
CD4� T cells (1 � 106 cells/well) were cultured for 3 days with
anti-CD3� (1 �g/ml) and anti-CD28 (1 �g/ml) in the presence
of TGF-� (2 ng/ml) and IL-2 (2 ng/ml), for the generation of
Tregs.

Lamina propria lymphocyte isolation

Lamina propria lymphocytes were isolated from small
intestine, as described previously (39). Epithelial cells were
lysed by 1 mM EDTA at 37 °C in 150 rpm of shaking incuba-
tor for 15 min, followed by washing with warm PBS. This
lysis step was performed twice. Then, connective tissues
were removed by 0.1 mg/ml collagenase D (Roche) at 37 °C
with gentle stirring in 180 rpm. The supernatants were col-
lected after passing through a 40-�m cell strainer. The step
was done three times. Lamina propria lymphocytes were col-
lected by Percoll gradient media (Amersham Biosciences) at

Figure 7. A schematic model for the role of NLRP3 to negatively regulate Treg differentiation. NLRP3 translocates to the nucleus of CD4� T cells by
interacting with Kpna2 during Treg differentiation, followed by down-regulation of Foxp3 expression. However, the deficiency of NLRP3 in CD4� T cells
increases Foxp3 expression, resulting in better suppression of Tconv cells.
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the 40 and 85% interphase after carefully centrifuge for 20
min at 20 °C at 2000 rpm.

Plasmid construction

DNA fragments corresponding to the coding sequences of
the mouse NLRP3 gene were amplified by PCR from
pcDNA3-FLAG-NLRP3. 3�FLAG-tagged NLRP3 was cloned
into the XhoI and NotI sites in pMXs-IRES-GFP by NEBuilder
HiFi DNA Assembly Cloning kit (New England Biolabs, Ips-
wich, MA). 3�FLAG-tagged truncated mutant constructs of
NLRP3 were created by subcloning the PCR products of com-
plementary DNA fragments, containing each domain of the
target genes, into pMXs-IRES-GFP. All the constructs were
sequenced at Bionics (Seoul, Korea) to verify 100% correspon-
dence with the original DNA sequence.

Retroviral transduction to T cells

Platinum E retroviral packaging cell line was transfected with
retroviral expression plasmids based on pMX-IRES-GFP for
48 h by using TransIT-LT1 Transfection Reagent (Mirus Bio
LLC, Madison, WI). Virus was collected in culture supernatant
through a 0.22-�m syringe filter. Naïve CD4� T cells isolated
from Nlrp3-KO mice were activated for 12 h with anti-CD3� (1
�g/ml) and anti-CD28 (1 �g/ml) followed by spin, infected with
retrovirus supernatant in the presence of polybrene (8 �g/ml)
at 892 � g for 90 min at 30 °C, as described with minor modifi-
cation (40). Cells were subsequently cultured with TGF-� (5
ng/ml) and IL-2 (5 ng/ml) for Treg polarization for 72 h, after
removing the virus supernatant.

Fluorescent microscopy

For attaching cells, the number of cells (5 � 106 cells/well)
was counted and moved at poly-L-lysine– coated 18-mm diam-
eter cover glass for 20 min, after washing with serum-free
media. Cells were fixed in 4% paraformaldehyde (pH 7.5) for 10
min at 4 °C, then permeabilized in permeabilization buffer
(0.1% Triton X-100 in PBS) for 2 min at room temperature.
Before treating the adequate antibodies, cells of nonspecific site
were blocked with blocking buffer (0.5% BSA in PBS). Each cell
was incubated with both primary Ab (1:50 dilution) overnight
at 4 °C, followed by staining with fluorescence-conjugated sec-
ondary Ab (1:200 dilution) for 1 h at room temperature. The
nuclei of cells were stained with DAPI (Molecular Probes, 5
�g/ml, 3 min, room temperature). After mounting the cells by
using Antifade Reagent (Invitrogen), cells were observed with
confocal laser scanning microscope (LSM700, Carl Zeiss).

Flow cytometry

For cell surface staining, cells were washed and stained in
FACS buffer (0.5% FBS and filtered 0.05% NaN3 in PBS). For
intracellular staining, fixation and permeabilization were per-
formed in Cytofix/Cytoperm (BD Biosciences) and then cells
were stained in Perm/Wash solutions (BD Biosciences). Espe-
cially for staining the Foxp3 or transcription factor, cells were
fixed and permeabilized in Foxp3/Transcription Factor Stain-
ing buffer set (eBioscience). For detection of intracellular cyto-
kines, cells were activated by PMA (50 ng/ml) and ionomycin (1
�g/ml) in the presence of Golgi Stop (BD Biosciences) for 4 h.

All of flow cytometric analyses were performed using FAC-
SCalibur or BD Accuri with BD AccuriC6 software (BD
Biosciences).

RT-PCR

Total RNA from T cells were extracted by RiboEX total RNA
kit (GeneAll Biotechnology, Seoul, South Korea). The RNA
extraction was reverse-transcribed to cDNA library. cDNA was
quantified by PCR. After amplification, the PCR products were
separated on 1% agarose gels and detected by using Loading
STAR (Dyenbio, Kyeongki, Korea).

Cytoplasmic and nuclear fractionation

Protein extracts were washed by PBS, and then the cytoplas-
mic extract was lysed by CE buffer 1 (0.075% (v/v) Nonidet
P-40, 10 mM HEPES, 60 mM KCl, 1 mM EDTA, 1 mM DTT, 1 mM

PMSF (pH 7.6) including protease inhibitors) of 5 pellet vol-
umes for 3 min on ice. The cytoplasmic extract was removed
from the pellet to a clean tube. The nuclei were gently washed
by CE buffer 2 (similar to CD buffer 1 but without the addition
of Nonidet P-40). The nuclear pellet was lysed by NE buffer (20
mM Tris-HCl, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1
mM PMSF, 25% (v/v) glycerol, (pH 8.0) including protease
inhibitors) of 1 pellet volume for 10 min on ice. The nuclei
extract was removed from the pellet to a clean tube.

Immunoblot and immunoprecipitation assay

Protein extracts were prepared by the lysis buffer (1% SDS, 1
mM sodium orthovanadate, and 10 mM Tris (pH7.4)) in the
presence of protease inhibitor mixture (Sigma) for 10 min at
4 °C, followed by sonication, as described in a previous report
(17). Protein lysates were separated on 8 –12% SDS-PAGE cells,
and transferred to 0.45-�m PVDF membranes. The membrane
was blocked with 5% skim milk in TBS containing 0.1% Tween
20 (TBS-T). The membrane was incubated in a 1:1000 dilution
of a primary antibody in 5% BSA containing TBS-T for over-
night at 4 °C. The membrane was incubated in a 1:5000 dilution
of a secondary antibody in 2.5% skim milk contained TBS-T for
1 h. Chemiluminescence reagent was Amersham Biosciences
ECL Prime.

For immunoprecipitation, protein lysates were prepared at
least 400 �g and incubated with 2 �g of primary antibody and
Protein G Plus Agarose Beads (Santa Cruz Biotechnology) for
16 h at 4 °C. The beads were washed five times with lysis buffer.
Samples were suspended with sample buffer and boiled for 10
min and subsequently were separated on 8% SDS-PAGE gel.

Treg suppression assay

Nlrp3�/� CD4� T cells or Nlrp3�/� CD4� T cells (5 � 104

cells/well) were polarized to Tregs for 3 days at anti-CD3� (1
�g/ml)-coated 96-well plate in the presence of soluble anti-
CD28 (1 �g/ml) as triplicate. Either Nlrp3�/� iTregs or
Nlrp3�/� iTregs were restimulated with PMA (50 ng/ml) and
ionomycin (1 �g/ml). Both CD25� Tregs were isolated by
FACS Aria and co-cultured with CFSE (1 �M)-labeled CD4�

Tconv cells (5 � 104 cells/well) at different ratio in anti-CD3� (1
�g/ml)-coated 96-well plate in the presence of anti-CD28 (1
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�g/ml). The divided aspect of CFSE was examined by flow
cytometry and the level of IL-2 was detected by ELISA.

Statistics

Groups were compared by using adequate analytic programs
such as GraphPad Prism 8.0 by a two-tailed Student’s t test, or
SPSS software by Kruskal-Wallis test or one-way ANOVA. A p
value of �0.05 was considered significant.
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